Latent transforming growth factor ␤ (TGF-␤) binding protein 2 (LTBP-2) is an integral component of elastin-containing microfibrils. We studied the expression of LTBP-2 in the developing mouse and rat by in situ hybridization, using tropoelastin expression as a marker of tissues participating in elastic fiber formation. LTBP-2 colocalized with tropoelastin within the perichondrium, lung, dermis, large arterial vessels, epicardium, pericardium, and heart valves at various stages of rodent embryonic development. Both LTBP-2 and tropoelastin expression were seen throughout the lung parenchyma and within the cortex of the spleen in the young adult mouse. In the testes, LTBP-2 expression was seen within lumenal cells of the epididymis in the absence of tropoelastin. Collectively, these results imply that LTBP-2 plays a structural role within elastic fibers in most cases. To investigate its importance in development, mice with a targeted disruption of the Ltbp2 gene were generated. Ltbp2 ؊/؊ mice die between embryonic day 3.5 (E3.5) and E6.5. LTBP-2 expression was not detected by in situ hybridization in E6.5 embryos but was detected in E3.5 blastocysts by reverse transcription-PCR. These results are not consistent with the phenotypes of TGF-␤ knockout mice or mice with knockouts of other elastic fiber proteins, implying that LTBP-2 performs a yet undiscovered function in early development, perhaps in implantation.
The elastic resilience and structural integrity of the lungs, skin, and large blood vessels of vertebrate animals are imparted by elastic fibers. These fibers consist of the protein elastin and a network of 10-to 12-nm microfibrils, which are composed of a number of glycoproteins (1, 33) . In elastic fibers, microfibrils are located around the periphery of the amorphous elastin component of the fiber, as has been shown at the electron microscopic level (4, 10) . Microfibrils are also present in tissues devoid of elastin, such as the ocular ciliary zonules and the periodontal ligament. In these structures, the microfibrils are nearly indistinguishable from microfibrils found in elastic tissue. In the skin, microfibrils extend from the epidermis into the dermis. Superficially, these fibers are not associated with elastin but become associated with elastin as they traverse the dermis.
The largest microfibrillar proteins identified thus far are the fibrillins. Two fibrillins have been isolated and demonstrated to be integral structural components of elastic fibers (35, 42) . Both are 350-kDa molecules rich in six-cysteine epidermal growth factor-like repeats, which bind calcium through hydroxylation of asparagine and aspartic acid residues. Both also contain unique eight-cysteine repeats which are also found in the latent transforming growth factor ␤ (TGF-␤) binding proteins (12) . Marfan syndrome is an autosomal dominant disorder linked to the fibrillin 1 gene on chromosome 15 (3, 9, 15, 18) . This disease is characterized by skeletal, ocular, and cardiovascular abnormalities. Another disorder, congenital contractural arachnodactyly, is linked to the fibrillin 2 gene on chromosome 5 (15) .
The latent TGF-␤ binding proteins (LTBPs) share a high degree of homology with the fibrillins. Currently, there are four members of the LTBP family. All have several copies of sixcysteine epidermal growth factor-like repeats as well as a more limited number of eight-cysteine repeats unique to this family of proteins and the fibrillins. While all of the LTBPs appear to be constituents of the extracellular matrix, LTBP-1 and -2 may be unique in their localization to elastin-containing microfibrils. The major portion of LTBP-2 in elastic tissues is strongly bound to microfibrils, as 6 M guanidine and dithiothreitol are required to extract it (7) . The requirement of guanidine for extraction suggests that LTBP-2 is integrally associated with the elastic fiber matrix, and the requirement of dithiothreitol suggests that the covalent attachment occurs at least in part through disulfide bonding. Taken together with its high sequence similarity with the fibrillins, which are known structural components of elastic fibers, it is likely that LTBP-2 performs a structural role within elastic fibers.
The TGF-␤s are a family of multifunctional polypeptides which affect the growth, differentiation, adhesion, migration, and matrix synthesizing capacity of a variety of cell types (17, 19, 39) . Most cell types that produce TGF-␤ secrete this protein in an inactive form (21) . TGF-␤ noncovalently associated with its propeptide (also called the latency associated peptide [LAP] ) is referred to as the small latent complex. In order for TGF-␤ to exert cellular effects, it must dissociate from the LAP to bind its receptor. TGF-␤ can also form a large latent com-plex when a molecule of LTBP-1 covalently bound to the LAP of the small latent complex via a disulfide bond is secreted (8, 12, 20, 34) . Incorporation of the large latent complex into the extracellular matrix requires cross-linking by transglutaminase (13, 24) , while release of this complex from the matrix is protease dependent (40, 41) . Activation of complexed TGF-␤ appears to involve the action of cell-surface-associated plasmin, which cleaves the LAP and disrupts the noncovalent interaction between the mature TGF-␤ and the LAP (6, 14, 25) . While this paradigm has developed exclusively with LTBP-1, it has been suggested that human (23) and murine (5) LTBP-2 can form a large latent complex with TGF-␤ in cotransfection experiments.
The purpose of this study was to determine the temporal and spatial pattern of LTBP-2 expression in the mouse and rat in order to gain insight into the likely function of LTBP-2 in development and to determine the consequences of eliminating LTBP-2 expression in mice by targeted disruption of the gene. LTBP-2 expression was localized previously in embryonic day 16.5 (E16.5) mouse embryos (5) , but expression at other embryonic time points as well as in adult tissues was not examined. In this study, we demonstrate coexpression of LTBP-2 with tropoelastin in elastogenic tissues, suggestive of a structural role for LTBP-2 in these tissues. However, inactivation of the gene was found to result in lethality early in development, suggesting that LTBP-2 plays a role unrelated to elastic fiber homeostasis or TGF-␤ regulation, perhaps as a structural component of elastin-free microfibrils during implantation.
MATERIALS AND METHODS
In situ hybridization. Embryos were harvested from timed pregnant Swiss Webster mice (Taconic). Tissues were also harvested from 5-week-old Swiss Webster mice. Embryos or adult tissues were fixed for 1 to 3 days in 10% buffered formalin (DeRuscio and Associates, St. Louis, Mo.). Tissues were processed by shaking 2 times for 15 min each time in phosphate-buffered saline, followed by gentle agitation in 30% ethanol for 1 h, 50% ethanol for 1 h, and 70% ethanol overnight prior to processing. All solutions were treated with diethylpyrocarbonate (0.1%). A fragment of the mouse LTBP-2 cDNA (nucleotides 777 to 1140) was generated by PCR using the primers 5ЈGCAATTAACCCTCACTAAAGG CCACCATCACCACCTCCATC3Ј and 5ЈCGTAATACGACTCACTATAGGA AGCCAGACTTGGGGTCA3Ј, in which the binding sites for T7 or T3 RNA polymerases were incorporated into the primers. Sense (T3) and antisense (T7) probes were generated by using 35 S-UTP and 0.1 g of template DNA with the Riboprobe system (Promega, Madison, Wis.). Synthesis of an in situ hybridization probe for rat tropoelastin was done as described previously (29) . In situ hybridization was carried out as described previously (31) , with exposure times ranging from 2 to 12 weeks.
Northern hybridization. The LTBP-2 template DNA used for in situ hybridization was labeled with [ 32 P]dCTP using the Redi-Prime system (Amersham Pharmacia Biotech, Piscataway, N.J.). A multiple-tissue Northern blot including eight adult mouse tissue sources was purchased from Clontech (Palo Alto, Calif.). Northern hybridization was done according to the manufacturer's instructions.
Construction of the LTBP-2 targeting vector.
A mouse 129 genomic library in a bacteriophage P1 vector (Genome Systems, St. Louis, Mo.) was screened by PCR using primers 1F (5ЈTGATGGGGACAAGTCATGCCC3Ј) and 1R (5ЈA TGGCTTCTCCGAGTCTGGAC3Ј), which were predicted and subsequently shown to be located in exon 1. Four clones were identified, one of which was digested with ApaI or KpnI. Fragments were subcloned into pBluescript SK(Ϫ) (Stratagene, La Jolla, Calif.), and subclones containing exon 1 were identified by colony hybridization. Overlapping 6.0-kb ApaI and 5.2-kb KpnI subclones were characterized by restriction mapping, PCR, and DNA sequencing. A targeting construct was generated in pBluescript SK(Ϫ) that included 3.5 kb of 5Ј homology and 2.7 kb of 3Ј homology. The 5Ј homology consisted of an EcoRI fragment from the ApaI subclone that encompassed part of the Ltbp2 promoter, ending ϳ800 bp 5Ј to exon 1. The 3Ј homology consisted of an ApaI fragment from the KpnI subclone and encompassed part of intron 1, beginning about 1 kb downstream of exon 1. A cassette containing the neomycin phosphotransferase cDNA driven by the phosphoglycerate kinase promoter (PGK-neo) was used to replace the intervening region, which includes exon 1. The targeting construct was linearized with NotI prior to electroporation of embryonic stem cells.
Generation of Ltbp2 heterozygous mice. The linearized targeting construct was used to electroporate clone RW4 129/SvJ embryonic stem cells. G418-resistant clones were analyzed by Southern blot analysis of XbaI-digested genomic DNA, probed with a 1-kb BamHI fragment located 5Ј to the targeting construct. Two heterozygous clones representing homologous recombinants were identified out of 350 that were screened. Heterozygous ES cells were injected into C57BL/6J blastocysts, which were transferred into the uteri of pseudopregnant females. Chimeric males were mated initially to C57BL/6J females, and agouti offspring were screened by Southern blotting of tail genomic DNA for germline transmission of the targeted Ltbp2 tm1Ship allele (i.e., Ltbp2 Ϫ/Ϫ allele). Once productive chimeric males were identified, these mice were bred to 129/SvJ females, and heterozygous offspring on a pure 129/SvJ background were identified by Southern blotting.
Identification of Ltbp2 ؊/؊ embryos. Embryos at E12 or older embryos from heterozygous matings were genotyped by Southern blotting. Embryos between E6.5 and E11 were genotyped by PCR. In the case of E6.5 embryos, embryos were removed from the decidua by microdissection. The ectoplacental cone was removed and the embryos were digested for 2 h in tail buffer (50 mM Tris [pH 8], 25 mM EDTA, 100 mM NaCl, 1% Triton X-100) containing 2 mg of proteinase K per ml at 55°C in a volume of 20 l. After boiling for 10 min, 2 l of the cleared lysate was used for PCR with the primers 5ЈAGAAGCAGTTCAT CTGGGTC3Ј and 5ЈCTCCTTCCTCGTCTATGCTC3Ј located 1.2 kb 5Ј and 1.2 kb 3Ј to exon 1, respectively. Klentaq LA polymerase (Sigma, St. Louis, Mo.) was used with an annealing temperature of 58°C for 35 cycles.
Genotyping of blastocyst-stage embryos was done with two rounds of PCR. Blastocysts were collected by flushing the uteri with phosphate-buffered saline (PBS) and treated briefly with acidic Tyrode buffer (11) to remove the zona pellucida. Blastocysts were incubated with 200 g of proteinase K per ml in Klentaq LA PCR buffer containing all PCR components except Klentaq LA for 2 h at 55°C. Samples were heated for 10 min at 85°C, and 1 l of Klentaq LA was added along with mineral oil. The first round of PCR was for 40 cycles at an annealing temperature of 58°C with the primers described above used to genotype later embryos. A 4-l volume of this reaction mixture was used in a second PCR which incorporated two sets of primers, one set which amplifies exon 1 of Ltbp2 which is only present in the normal allele and one set which amplifies part of the neomycin cassette only present in the targeted allele. The exon 1 primers 1F and 1R (described above) amplify a 289-bp product, while the neo primers (5ЈATGATTGAACAAGATGGATTGCAC3Ј and 5ЈTTCGTCCAGATCATCC TGATCGAC3Ј) amplify a 500-bp product. The second round of PCR was for 35 cycles at an annealing temperature of 58°C.
Detection of LTBP-2 expression by reverse transcription (RT)-PCR.
Wildtype blastocysts were isolated at E3.5 by flushing the uterine horns of timedpregnant mice with PBS. Blastocysts were treated briefly in acidic Tyrode buffer to remove the zona pellucida and transferred to PBS. Groups of five blastocysts were collected in a minimal volume of PBS (ϳ10 l), and diethylpyrocarbonatetreated water was added to bring the final volume to 25 l. A single tube was subjected to three freeze-thaw cycles, boiled for 2 min, and centrifuged for 5 min. The supernatant was divided into two tubes. Reverse transcription was carried out on one sample with random hexamers using the Superscript preamplification system following the manufacturer's instructions (Life Technologies, Grand Island, N.Y.). The other sample was mock treated with all components except reverse transcriptase. Following cDNA synthesis, PCR was done on both samples for 45 cycles (94°C for 1 min, 55°C for 2 min, and 72°C for 1 min) using the primers 1F (see above) and 2R (5ЈGTTTGATACAGTGGTTGGTGC3Ј), located in exons 1 and 2, respectively. Specific products were visualized by Southern blotting, with a cDNA fragment encompassing exons 1 and 2 used as the probe.
RESULTS

Expression of LTBP-2 in mid-to late-gestation embryos.
Because LTBP-2 may play at least two important roles in development, as both a structural component of the elastic fiber and a regulator of TGF-␤ activity, we anticipated that its expression would reflect these functions. To gain insight into the function(s) of this protein, we investigated LTBP-2 expression in the developing mouse and rat by in situ hybridization. Expression of LTBP-2 was not detected at E10.5 (data not shown). Expression of LTBP-2 was first detected at E13.5 in perichondrial regions surrounding the developing vertebrae and ribs (Fig. 1) . Tropoelastin is also expressed by the same cells, as well as in other perichondrial regions which do not appear to express LTBP-2. This may reflect differences in microfibrillar composition in different elastic fibers. Some tropoelastin-positive regions which did not express LTBP-2 were also negative for fibrillin 1 expression (not shown). LTBP-2 expression was also seen in other perichondrial regions at this stage, such as in the developing limb buds (data not shown). Sense-strand probes for both LTBP-2 and tropoelastin showed no specific hybridization in any tissues investigated (data not shown).
At E15.5, LTBP-2 and tropoelastin are both expressed in the snout, tongue, lungs, and dermis (Fig. 2) . While tropoelastin expression is observed throughout perichondrial areas in the snout, LTBP-2 expression is more limited, consistent with the distribution seen in the perichondrium at E13.5. However, areas that express LTBP-2 also appear to express elastin, suggesting a structural role for LTBP-2 in the developing snout. In the lungs and the dermis at E15.5, LTBP-2 and tropoelastin are expressed only by a few cell layers directly underlying the epithelial basement membrane (lining airways in the case of the lung). In both the lungs and the skin, the majority of mesenchymal cells do not express either LTBP-2 or tropoelastin to an appreciable extent. Both tropoelastin (Fig. 2D ) and LTBP-2 (data not shown) are expressed within the large blood vessels as well. At E17.5, the most prominent tissue coexpressing both LTBP-2 and tropoelastin is large arterial vessels (Fig.  3) . Both mRNAs are expressed primarily in the medial layer of the aorta and other arterial vessels composed largely of smooth muscle cells. Fibrillin 2 has also been shown to be expressed within the aorta of the developing human embryo (42) . Coexpression of LTBP-2 and tropoelastin in a number of elastogenic tissues within developing embryos, together with the identification of LTBP-2 as a structural component of elastic microfibrils in developing bovine tissues (7), strongly suggests that LTBP-2 plays a similar structural role within elastogenic tissues of the developing mouse.
LTBP-2 expression was also examined in the developing rat. At E14 in the developing rat thorax (Fig. 4A) sion is seen in the pericardium, epicardium, heart valves, large vessels, and lung. Expression in the pericardium and epicardium is consistent with a structural elastic role. As in the mouse at E15.5, expression in the lung is limited to a few mesenchymal cell layers underlying the airway epithelium, suggesting a role for LTBP-2 in lung growth or branching morphogenesis. This pattern is even more pronounced at E18 in the developing rat lung for LTBP-2 as well as for tropoelastin ( Fig. 4B and C) . Expression of LTBP-2 in young adult mice. In order to guide in situ hybridization studies of LTBP-2 expression in adult mouse tissues, a multiple-tissue Northern blot prepared with poly(A) ϩ RNA from a variety of adult mouse tissues (Clontech) was probed for LTBP-2 (Fig. 5) . LTBP-2 is most abundantly expressed in the adult lung. In fact, densitometric scanning indicates that the level of expression in lung is at least 10-fold higher than that in any other tissue examined. Significant levels of LTBP-2 mRNA are observed in the testes, spleen, and heart as well. LTBP-2 expression was examined in several tissues of 5-week-old mice by in situ hybridization. Both LTBP-2 and tropoelastin were expressed throughout the mesenchyme of the lungs of 5-week-old mice ( Fig. 6A and B) . Mice at 5 weeks of age are still growing, and it is therefore not surprising that one might still find elastin expression. Elastin synthesis in other mammals declines after birth, with little or no elastin synthesized during adulthood under physiologic conditions (26) . The pattern of both tropoelastin and LTBP-2 expression in the 5-week-old lung is markedly different from that of the late-gestation lung. Expression of each is much more ubiquitous throughout the mesenchyme in the young adult mice. Expression is still abundant within large vessels, although much more so for tropoelastin than LTBP-2. Both are also expressed by cells underlying the fibrous capsule of the spleen (Fig. 6C and D) .
The expression patterns of LTBP-2 and tropoelastin are clearly distinct in the testes (Fig. 6E and F) . In the epididymis, tropoelastin expression is weak and is observable only in cells lining the outside of the spermatic ducts. In contrast, intense LTBP-2 expression is observed in cells within the lumen of the epididymis. This is the first clear example of LTBP-2 expression where the function of LTBP-2 is likely distinct from its role as a structural component of elastic fibers. However, neither TGF-␤1, -␤2, nor -␤3 appears to be coexpressed with LTBP-2 in the testes by in situ hybridization (data not shown). TGF-␤ expression within the adult mouse testes has been reported (38) . The potential function of LTBP-2 in the testes is therefore unclear. LTBP-2 signal was not detected in the heart by in situ hybridization (data not shown). Expression of LTBP-2 in the liver, brain, ovary, oviduct, uterus, and kidney was also undetectable (data not shown).
Ltbp2 ؊/؊ mice. In order to directly examine the role of LTBP-2 in mouse development, a targeting construct was made to eliminate its expression in mice (Fig. 7A) . Exon 1, as well, the proximal regions of the promoter and intron 1, was replaced in the targeting vector with a PGK-neo cassette. The targeting vector was introduced into 129/SvJ embryonic stem cells by electroporation. DNA from G418-resistant ES clones FIG. 3 . Expression of LTBP-2 (A) and tropoelastin (B) mRNAs in E17.5 mouse embryos. In situ hybridization was done to localize expression of each. Expression of both mRNAs is seen by medial cells of the descending aorta. Sense probes showed no specific hybridization (not shown). Magnification, ϫ200.
FIG. 4.
Expression of LTBP-2 and tropoelastin mRNAs in the developing rat thorax. In situ hybridization was done to localize expression of each. (A) Expression of LTBP-2 in the E14 rat thorax. Specific hybridization is seen in the lungs (L), the pericardium (P), the epicardium (E), the heart valves (V), and the pulmonary artery (PA), as well as in other large vessels. The pattern of expression is identical to that seen with tropoelastin probes (data not shown). Magnification, ϫ36. (B) Expression of LTBP-2 in the E18 rat lung. Expression in the lung is observable in a limited number of cell layers of the subepithelial mesenchyme of developing mid-sized airways, with no or minimal corresponding expression seen in the smallest and largest airways. Magnification, ϫ90. (C) Expression of tropoelastin in the E18 rat lung. The pattern of expression is identical to that of LTBP-2. Sense probes showed no specific hybridization (data not shown). Magnification, ϫ90.
was analyzed by Southern blotting of XbaI-digested genomic DNA, using a probe located 5Ј to the targeting construct ( Fig.  7B and C) . Two homologous recombinants were identified out of 350 screened and were used to create chimeric mice. Chimeric males were mated to C57BL/6J and 129/SvJ females to generate heterozygotes on mixed and pure genetic backgrounds, respectively. Heterozygous mice appear phenotypically normal in all respects. Additionally, the architecture of elastic tissues such as the lung and aorta appears normal in heterozygotes by Verhoeff Van Gieson staining, which stains elastic fibers (data not shown). Over 400 live offspring of heterozygous matings were screened by Southern blotting. No live Ltbp2 Ϫ/Ϫ mice were identified, and the ratio of heterozygous to normal mice was approximately 2:1, indicating that the knockout resulted in an embryonic lethal phenotype (Fig. 7) .
To determine the point at which Ltbp2 Ϫ/Ϫ embryos die, timed matings of heterozygous mice were carried out, and at E10.5 through E19.5, progeny were genotyped by Southern blotting. Again, no Ltbp2 Ϫ/Ϫ embryos were identified in ϳ20 litters examined. Younger postimplantation embryos were genotyped by PCR. At E6.5, no Ltbp2 Ϫ/Ϫ embryos were identified among six litters examined (Fig. 8A ). These were the youngest postimplantation embryos that we could isolate. However, knockout embryos were identified among E3.5 preimplantation blastocysts (Fig. 8B) , implying that LTBP-2 may play an essential developmental role during implantation (E4.5), much earlier than we had initially detected its expression.
LTBP-2 expression by preimplantation and early postimplantation embryos. In situ hybridization was done to determine whether LTBP-2 is expressed by E6.5 postimplantation embryos (Fig. 9) . LTBP-2 does not appear to be expressed to an appreciable extent in the embryo itself at E6.5. However, much of the decidual stroma, which is maternally derived, as well as the uterine muscle is weakly positive for LTBP-2 expression by in situ hybridization. In situ hybridization for a number of other elastic fiber mRNAs including MAGP-2, fibrillin 1, and tropoelastin revealed similar patterns of expression of these components. Expression of LTBP-2 by preimplantation blastocysts (E3.5) was investigated by RT-PCR (Fig.  10) . Primers that span exons 1 and 2 were used so that PCR products arising from genomic DNA (7 kb) would be much larger than the mRNA-derived product (0.5 kb) and undetectable under the conditions used. A specific band of the predicted size hybridizing to an LTBP-2 probe was detected only in the presence of reverse transcriptase. The particular cell type within the blastocyst responsible for this expression is unknown, as in situ hybridization experiments on blastocysts were not successful. However, LTBP-2 expression was not detected by Northern blotting of embryonic stem cell RNA, suggesting that trophectoderm cells express LTBP-2.
DISCUSSION
We have shown that LTBP-2 expression in the developing mouse largely parallels that of tropoelastin. Both are expressed at E13.5 in the perichondrium surrounding the developing vertebrae; at E15.5 in the snout, lungs, and dermis; and at E17.5 primarily in the aorta and other large vessels. Both are also coexpressed in the developing rat lung, pericardium, epi- cardium, and heart valves. In the young adult mouse, both are expressed in the capsule of the spleen and ubiquitously throughout the mesenchyme of the lung. In all of these cases, coexpression suggests a structural role for LTBP-2 in these tissues. Additionally, there are places where tropoelastin is expressed in the absence of LTBP-2, such as some perichondrial regions throughout the head of the developing mouse. This is not completely surprising considering the distribution of fibrillins 1 and 2 in the mouse. It is apparent that elastic microfibrils vary in composition between tissues, and our data suggests that not all elastic fibers include LTBP-2. The basis for these differences between tissues is not well understood and is a topic of investigation in several laboratories.
The only tissue where LTBP-2 was found to be expressed in the absence of tropoelastin expression was the testes of the young adult mouse, where it is expressed by cells lining the lumen of the epididymis. This pattern of expression suggests that LTBP-2 performs an alternative function in the testes, perhaps one involving the regulation of TGF-␤ activity. It is unlikely that LTBP-2 plays a structural role within elastin-free microfibrils within the testes, largely because expression occurs within lumenal cells and because fibrillin 1 is not expressed to any appreciable extent here either (data not shown). TGF-␤ is known to be expressed within the adult testes (38) . However, neither TGF-␤1, -␤2, nor -␤3 is coexpressed with LTBP-2 in the testes by in situ hybridization (data not shown). In fact, there is disagreement on the issue of whether LTBP-2 can bind TGF-␤. While LTBP-2 was initially shown to have the capability to bind TGF-␤ in transfection studies (5, 23) , extensive mutagenesis studies in transfected cells have suggested that TGF-␤ binding to LTBP-2 is very weak when compared to its binding to other LTBP-2s (J. Keski-Oja, personal communication). The functional role of LTBP-2 in the testes remains unclear.
Because we could not detect LTBP-2 expression at E10.5, it was surprising that Ltbp2 Ϫ/Ϫ embryos died prior to E6.5. The basis for the early embryonic lethality of the Ltbp2 knockout remains an enigma, considering what is known about knockouts of other elastic fiber components. Elastin knockout mice die shortly after birth from either vascular or pulmonary complications (16) . Mice homozygous for targeted disruptions of the microfibril-associated glycoprotein 1 (R. P. Mecham, unpublished observations) and fibrillin 1 (27, 28) genes live into adulthood. The finding that mice lacking elastin can survive past birth suggests that a lethal phenotype associated with a microfibrillar protein such as LTBP-2 is not due to a function related to elastic fibers. However, others have suggested that microfibrils may have elastic properties of their own in the absence of elastin, perhaps thus explaining why mice lacking a microfibrillar component expressed very early in development might have a phenotype markedly different from that of the elastin knockout mouse. Microfibrils are known to exist devoid of associated elastin in some tissues such as the ciliary zonules of the eye and the periodontal ligament. It is therefore possible that LTBP-2 performs an essential structural function in elastin-free microfibrils, but the presence or absence of LTBP-2 has not been reported within elastin-free microfibrils. In any case, it is clear that LTBP-2 performs an essential function that cannot be compensated for by other members of the LTBP family.
Several findings suggest that the severity of the Ltbp2 knockout phenotype is not likely related to regulation of TGF-␤ activity. The most compelling is the observation in transfection studies that LTBP-2 binds TGF-␤ very poorly if at all in comparison to the other LTBPs (J. Keski-Oja, personal communication), raising questions about the physiologic significance of this interaction should it occur in vivo. However, if LTBP-2 retains any ability to bind TGF-␤ in the preimplantation embryo, its potential effect on TGF-␤ activity is not entirely predictable. LTBP-1 has been shown to facilitate the secretion of TGF-␤ (22) . If this were also true for LTBP-2, one might predict that mice lacking LTBP-2 would have a phenotype similar to one or more of the TGF-␤ knockouts. The phenotypes of the TGF-␤1, -␤2, and -␤3 knockouts are not similar to that of the Ltbp2 knockout. Although TGF-␤1 is expressed in the preimplantation embryo (32), TGF-␤ knockout mice survive past this stage of development. A percentage of TGF-␤1 knockout mice die in utero at ϳE10.5 from a defect in yolk sac vasculogenesis (2), while most survive past birth and die within the first month from infections (37) . The TGF-␤2 (36) and TGF-␤3 (30) knockouts die in the perinatal period. Alterna- FIG. 9 . Expression of LTBP-2 mRNA at E6.5. LTBP-2 expression by E6.5 embryos was investigated by in situ hybridization. The bright-field image (A) and a section probed with a sense probe (B) are shown. Serial sections were probed for LTBP-2 (C) and other elastic fiber components, including MAGP-2 (D), fibrillin 1 (E), and tropoelastin (F). A signal for all of the elastic fiber components, including LTBP-2, is seen within the maternally derived decidual stroma (D) and the uterine muscle (U) but not within the embryo itself (arrow).
tively, LTBP-1 has been shown to mediate localization of TGF-␤ to the extracellular matrix, and activation of TGF-␤ in this scenario requires a proteolytic cleavage event which would release it from the matrix, enabling binding to cell-surface receptors. If this were the case for LTBP-2, then loss of LTBP-2 expression would perhaps result in aberrant localization and/or activation of TGF-␤. While this is a formal possibility, we feel that the relative inability of LTBP-2 to bind TGF-␤ in transfection assays makes this unlikely.
The window of time in which Ltbp2 Ϫ/Ϫ embryos die, E3.5 to E6.5, coincides with implantation of the embryo into the uterine wall. The inconsistency of the Ltbp2 knockout phenotype with that of other elastic fiber knockouts suggests that LTBP-2 may play a structural role related to elastin-free microfibrils at this point in development or that it perhaps has a signaling function. Alternatively, LTBP-2 may have an as-yet-undefined critical function between E3.5 and E6.5. The lack of LTBP-2 expression detected at E6.5 ( Fig. 9 ) and E5.5 (data not shown) suggests that this function occurs between E3.5 and E5.5. RT-PCR on blastocysts for other microfibrillar components should help delineate whether these genes are expressed during implantation (E4.5), which has not been previously determined.
